The effect of artificial gravity on the growth of a microorganism, Dictyostelium discoideum, was studied and the following results were obtained: (a) Germination efficiency increased as gravity increased up to 3 gravities. (b) Cell differentiation was influenced by gravity. Retardation of spore formation or reduction in the spore fraction was observed at hypergravity. (c) Fruiting bodies were taller at hypergravity and smaller at simulated microgravity when compared at 1 gravity. It is suggested that modulation of gravity provides useful information on the mechanisms of life.
Gravity is a unique parameter in the sense that organisms on the earth, in natural condition, have never experienced its chronic deviation from 1g. Based on this fact, following questions can be posed: (a) Will environmental adaptation be established without any exposure to chronic fluctuations of environmental factors? (b) Is lg optimum for growth, and if not, which is optimum? (c) Is lg essential for growth? (d) Does comparative study under 1g and other gravity conditions give useful information on the mechanisms of life? Answers to these questions could contribute to a fundamental understanding of the mechanisms of life.
For these reasons, we undertook the present study. The initial step is to find a suitable biological system. In order to study whether the mechanisms of gravity perception are universal or specific to individual species, it is necessary to study a wide variety of organisms. There have been many studies on the gravi-response of higher green plants (6, 9, 12, 14) but not so much on the gravi-response of primitive organisms (2, 4, 8, 11, 13) . The cellular slime mold, Dictyostelium discoideum, a familiar microorganism in some moist environments, is one of the most promising for this purpose. The advantages of using D. rotation was 0-3g, which is a microgravity condition (not zero gravity).
Measurements of the Heights of Fruiting Bodies
Petri dishes with agar were placed on the stage of a microscope. The focus was first set at the base of the fruiting bodies, and was set at the widest part of the sorus, and the distance between these two settings was read. Thirty to 50 fruiting bodies were counted in each Petri dish, and three to six Petri dishes were measured.
RESULTS
The life cycle of D. discoideum is composed of several stages. We studied the effects of artificial gravity on these stages one by one and finally on the whole life circle. gravity(g) Figure 3 . Effect of artificial gravity on the stage of morphogenesis of strain NC-4. Cells in the postproliferation stage were subjected to the levels of gravity indicated, and the heights of fruiting bodies were measured. Vertical bars represent standard errors of the measurements using three dishes. P < 0.05 (for the difference between 1g and 3g). P < 0.05 (for the difference between Og and 3g).
obtained in inverted orientation. Even at lOg, the promotion of germination efficiency was observed.
Cell Proliferation Figure 2 shows the proliferation curves of germinated cells. The slopes of the curves are identical. Therefore, it can be concluded that the proliferation rate of germinated cells is not influenced by artificial gravity from simulated microgravity to 3g. The difference in the extrapolated values of the growth curves to time zero is a reflection of the dependence of germination efficiency on gravity.
Morphogenesis
The effect of artificial gravity on the morphogenesis of NC-4 was examined. In this case, only the postproliferation stage was subjected to artificial gravity, and the heights of fruiting bodies was measured. As shown in Figure 3 , morphogenesis of NC-4 was also influenced by gravity. The heights of fruiting bodies increased as the increase in gravity.
Of the postproliferation stages, which step is responsible? As shown in Figure 4 , the fraction of spore cells in early culmination stage decreased as gravity increased. In this case, the total number of cells per single organism remained constant. Therefore, the increase in the fraction of stalk cells under hypergravity may be responsible for the taller fruiting bodies.
Whole Life Cycle
We have shown that some stages in the life cycle of D. discoideum were influenced by artificial gravity. Then, we examined whether the growth of D. discoideum is influenced when its whole life cycle is subjected to artificial gravity. As shown in Figure 5 , the heights of fruiting bodies were influenced by gravity. Fruiting bodies were taller in hypergravity and smaller in simulated microgravity. Again, inverted orientation ofculture dishes gave the same result. Another strain, ATCC, also showed a similar tendency as shown in Figure 6 .
DISCUSSION
In this article we reported the phenomenological results of the growth of D. discoideum under artificially altered gravity (simulated microgravity and accelerated force). The significance of the present results depends on whether they can be ascribed only to gravity, because rotation induces many undesirable effects. The primary artifacts possible are as follows.
(a) Polarized distribution of water and/or nutrients in the agar plates. (e) Electromagnetic effects by the motors We would like to show that these are not so serious.
As for (a) and (b), both normal and inverted orientation of culture dishes gave the same results (see Figs. 1, 3 , 5, and 6). If (a) and/or (b) are the main reasons for the present results, the inverted orientation should show an opposite tendency.
This was not the case.
As for (c), the entire system was contained in a doubly temperature controlled chamber, and culture dishes were located as close together as possible. In some cases, relative gravity(g) Figure 4 . Fraction of spores of strain NC-4 in the early culmination stage. Vertical bars represent standard errors of the measurements using four dishes. P < 0.05 (for the difference between Og and 1 g). P < 0.01 (for the difference between Og and 3g). gravity(g) Figure 5 . Combining these reasons, it might be concluded that the growth of D. discoideum is directly influenced by artificial gravity.
Of the stages of D. discoideum, growth, germination, and morphogenesis (cell differentiation) were influenced by artificial gravity, while cell proliferation was not influenced. Reduced cell proliferation under microgravity has been reported in human lymphocytes (1l), while Paramecia and HeLa cells showed increased cell proliferation under microgravity and hypergravity, respectively (7, l l ). Therefore, response to gravity may be different among cell types.
As shown in Figure 4 , the fraction ofspore cells was reduced as artificial gravity increased. Since the number of cells per single fruiting body was independent of gravity, this result indicates the increase in stalk cell fraction. Another possible interpretation is that spore formation is retarded under hypergravity. Benjaminson (2) reported that cell differentiation of D. discoideum is accelerated under hypergravity. His result is not compatible with the latter interpretation. Therefore, the reduction in the fraction of spore cells may be plausible. Gravity may modulate the mechanisms of cell differentiation of D. discoideum. It is reported that cell differentiation in D. discoideum is influenced by intracellular pH (5) and diffusible molecules (10) . It should prove interesting to examine the interrelationship between the effects of gravity and these factors.
When whole life cycle was subjected to artificial gravity, matured fruiting bodies became taller as gravity increased (Figs. 5 and 6 ). This result is out of our expectation, since hypergravity is thought to retard the upward growth in the normal orientation of the culture dishes. Considering the result shown in Figure 4 , the increase in the fraction of stalk cells may be responsible for this phenomenon. Because higher green plants do not show such a phenomenon, only primitive organisms can exhibit this property significantly.
Fruiting bodies grew upward when agar plates were placed to normal orientation and they grew downward when the plates were inverted. This means that the culmination of D. discoideum is not influenced by gravity. Indeed, when agar plates were oriented vertically, no curvature of matured fruiting bodies was observed in NC-4.
What mechanisms can be considered to explain our results? We can give no decisive answer to this question at present. In the root cap cells ofhigher green plants, there exist amyloplasts which have a large specific weight and sediment rapidly with respect to the direction of gravity within the cell (9) . These heavy amyloplasts are thought to be the gravisensors. In D.
discoideum, there have been no reports concerning amyloplast-like organelles. However, some organelles that have relatively large specific weights and large volumes could be sensors for gravity. Supporting systems for these organelles, such as cytoskeleton, can also be considered as sensors. The cytoskeleton may influence such cell activities as germination and cell differentiation. It is known that germination efficiency is enhanced by perturbing spore cells with detergent and heat treatments. Hypergravity may perturb spore cells by pressing organelles to cytoskeleton or to cell membranes, and successively, to cell walls leading to germination.
We would like to emphasize again that D. discoideum is an 9 -T -, ,
-3 -2 -1 0 1 2 3 gravlty(g) Figure 6 . Height of fruiting bodies of strain ATCC as a function of gravity. Vertical bars represent standard errors of the measurements using four dishes. P < 0.001 (for the difference between Og and 1 g). P < 0.001 (for the difference between 1g and 3g). excellent object for the study of the effect of gravity on the growth of organisms.
